The lightcurve of the Large Magellanic Cloud (LMC) variable star MACHO 81.8997.87 shows evidence for photometric variations due to both stellar pulsation, with a 2.035 day period, and eclipsing behavior, with an 800.4 day period. The primary star of the system has been identified as a first-overtone Cepheid but the nature of the secondary star has not been determined. Here we present multicolor BVI photometry of a primary eclipse of the system and fit a model to the complete lightcurve to produce an updated set of elements. These results are combined with 2MASS JHK photometry to give further insight into the identity of the companion star. We find that the companion is most consistent with a late-K or an early-M giant but also that there are a number of problems with this interpretation. The prospects for future observations of this system are also discussed.
INTRODUCTION
There is a small but growing list of regularly pulsating stars that are known to be members of eclipsing binary systems. Alcock et al. (2002) present observations and analysis of three eclipsing Cepheid variables for which data exist in the MACHO Project Large Magellanic Cloud (LMC) database. Rodríguez & Breger (2001) list nine eclipsing binary systems that contain δ Scuti variables and new candidates have been identified since that time (see Dallaporta, Tomov, Zwitter, & Munari (2002) and Kim et al. (2003) ). Most recently Soszynski et al. (2003) list three objects whose lightcurves show evidence for eclipses and RR Lyr-type pulsations. Although one or more of these may be the result of photometric contamination, clearly this is a burgeoning field for obtaining long-sought direct measurements of pulsating star properties.
The astrophysical returns from systems that combine eclipsing and pulsating behavior can be considerable. An eclipsing Cepheid system, if also a double-lined spectroscopic binary, can give a determination of the mass and luminosity of the Cepheid that is not only more accurate than existing measurements but also independent of assumed distance estimates. Such a system would offer an independent calibration of the period-luminosity and period-luminosity-color relations and the most direct measurement of the Cepheid's mass.
Here we present additional observations and an updated analysis of the eclipsing Cepheid system MACHO 81.8997.87. In particular, we more strongly constrain the nature of the system's secondary star.
OBSERVATIONS
The analysis presented here incorporates observations from four sources. The majority of the observations are Electronic address: lepischak, welch@physics.mcmaster.ca from the MACHO Project photometric database. The collection process has been described in detail elsewhere (Alcock et al. 1995) so we give only a brief description here. The MACHO observations were made with the refurbished 1.27m Great Melbourne Telescope at Mount Stromlo Observatory (MSO), near Canberra, ACT, Australia. It was equipped with a prime focus reimagercorrector with an integral dichroic beamsplitter which gave a 0.5 sq. deg field of view in two passbands simultaneously: a 450-590 nm MACHO V filter and a 590-780 nm MACHO R filter. These were each sampled with a 2×2 array of 2048×2048 Loral CCDs which were read out concurrently via two amplifiers per CCD in about 70 seconds. The image scale was 0.63 arcsec per pixel. Data reduction was performed automatically by Sodophot, a derivative of DoPhot (Schechter, Mateo & Saha 1993) . MACHO photometry was then transformed into Cousins V and R bands for further interpretation (Alcock et al. 1999) .
The eclipsing nature of 81.8997.87 was first reported by the Optical Gravitational Lensing Experiment (OGLE) project Udalski et al. (1999) as OGLE LMC-SC16 119952. OGLE observations were taken on the 1.3 m Warsaw telescope at Las Campanas Observatory, Chile, operated by the Carnegie Institute of Washington. Photometry is in the standard BV I bands with the majority of the observations in the I band. MACHO and OGLE data for this system were previously published in Alcock et al. (2002) .
Follow-up observations of the April 2001 primary eclipse were obtained in BV I over 16 nights on the 1.9 m telescope at MSO. It was equipped with a 2048×4096 SITe detector with a pixel size of 15 µm 2 . The chip was binned 5×5 pixels resulting in a final image scale of 0.45 arcsec per binned pixel. Photometry was reduced using the IRAF 1 , DAOPHOT, ALLSTAR and ALLFRAME packages. On several nights images of an NGC 1866 standard field were also taken and these observations were used to calibrate the photometry to the NGC 1866 standards of Walker (1995) . The observations are tabulated in Tables 1-3 1. The lack of B photometry outside eclipse provides no useful baseline for an analytical fit.
2. They provide very little insight into the nature of the companion star as its color is so red (see below) that its contribution to the B flux is negligible.
To complement the optical observations listed above, additional photometry was extracted from 2MASS, a single-epoch all-sky survey in the JHK s near-infrared bandpasses. These data (Table 4) were obtained from the 2MASS all-sky point source catalog, available online (Cutri et al. 2003) .
MODEL AND RESULTS
The model and fitting procedure used here is that described in detail by Alcock et al. (2002) with only small modifications. Most notably the fit model has been adjusted to allow for eccentricity in the orbit of the stars. This is potentially a significant effect for this system as the orbit of an 800-day binary is unlikely to have been circularized. However, given the poorly defined (or possibly poorly covered) secondary eclipse in the current lightcurve its inclusion is unlikely to produce a significant improvement in the fit. Figure 2 shows the four primary eclipses of 81.8997.87 for which we have observations along with the curve of best fit. The secondary eclipses are not shown because they cannot be clearly separated from the Cepheid variations with the current observational coverage (but they are included in the data published in Alcock et al. (2002) ). The parameter set resulting from the fitting procedure is shown in Table 5 . The ratio of the surface brightness in the V and R bands, J V /J R , a measurement of the color, is tabulated as it was the property that was fit directly and the other surface brightesses were computed from it. Each J λ is expressed relative to the central surface brightness of the star. For the Cepheid we give the mean J V /J R to which a third order Fourier series, representing the intrinsic temperature change of the Cepheid, was added. For the Cepheid we also tabulate r min , the star's minimum radius and ∆R amp , the amplitude of the change in radius. Both are expressed in units of the orbital separation of the two stars as is the radius of the companion, r. The Cepheid's pulsation pe- riod, P Ceph , and ∆R shif t , the offset of the time of the Cepheid's minimum radius from the time zeropoint of the data, are both given in days. The uncertainties on these parameters are determined from the covariance matrix of the fitted parameters. From the surface brightnesses, radii and magnitude zeropoints, the intensity-weighted mean magnitude of each star in each filter is calculated. The mean colors are computed from the surface brightness ratios described above, not the individual magnitude values. Also tabulated for the Cepheid is the value of W R = R − 3.0(V − R) where 3.0 ∼ A R /(A V − A R ) for this system (see below). This index will correct for most of the effects of reddening and differences in effective temperature between Cepheids. The uncertainty in the magnitude values are expressions of the range of possible magnitudes based on the uncertainties in the fit parameters. These are statistical uncertainties and likely underestimate the true uncertainties in these parameters. The orbital period is given in days and the inclination, i, is in degrees. Figure 3 shows that the location of the Cepheid in the de-reddened Cepheid period-luminosity diagram is consistent with the overtone Cepheid population. This mode identification is confirmed by the shape of the lightcurve measured through Fourier-fitting (with the contamination due to the secondary removed). At a period of ∼2 days the R 21 Fourier parameter cleanly distinguishes between fundamental-mode and first-overtone Cepheids. The small amplitude of the change in radius (0.041 ± 0.001 of the minimum Cepheid radius) is also consistent with an overtone Cepheid. The magnitudes and colors in Table 5 are fainter and redder than expected for a Cepheid, which we interpret as significant extinction along the line of sight. MACHO field 81 contains regions of considerable star-formation activity.
DISCUSSION
By comparing the best-fit Cepheid magnitudes to those predicted by the V and I period-magnitude relations for overtone Cepheids of Baraffe & Alibert (2001) , the amount of extinction in each bandpass and corrections for the magnitudes of each star can be estimated. These values are found to be: A V = 1.38 mag and A I = 0.67 mag. The relation
from Cardelli, Clayton, & Mathis (1989) yields R V = 3.15 which, combined with the corresponding relation for the R band, gives A R = 1.04. Applying these corrections we obtain the results shown in Figure 4 . After correcting for extinction the companion's V magnitude and V −R color seem consistent with a late-K or early-M class giant. A possibility we considered is that the Cepheid is not an intermediate-mass object but is instead a Type II Cepheid. Mode identification based on Fourier parameters is not well established for Type II Cepheids of this period but based on the small photometric amplitude (0.21 mags in V ) this Cepheid would still be classified as an overtone (Buchler & Buchler 1994) . The theoretical P − L relation of McNamara (1995) gives M V = −1.06 mags for a Type II overtone Cepheid of this period, 1.78 magnitudes fainter than predicted for a Type I overtone. If zero extinction is assumed, V = 17.2 mags given in Table 5 implies a distance to the system of 44.8 kpc. This scenario is less likely because V − R = 0.63 mag for the Cepheid implies a temperature that is too cool to be consistent with the instability strip. A significant amount of extinction (see above) would need to be assumed with a concordant reduction in the assumed distance. This extinction could be Galactic or circumstellar.
The identification of the companion as a late-K or early-M class giant does not seem to be borne out by The boxes indicate the error bounds on the properties of the two components after the application of the extinction correction described in the text. The isochrones are from Lejeune & Schaerer (2001) and represent log 10 (age) = 8.00, 8.14 and 8.25 (age in years). The arrow is the reddening vector for A V = 1.38 mag as derived in the text. the infrared observations. The observed 2MASS colors for 81.8997.87 (corrected for extinction) along with the fiducial sequences for main sequence, giant and supergiant stars in the near-infrared color-color diagram are shown in Figure 5 . Also shown are the theoretical location of a 2.035 day overtone Cepheid based on the relations of Groenewegen (2000) and sequences representing the combination of the theoretical Cepheid colors with a range of possible companion colors. The combined colors were computed assuming the ratio of radii given in Table  5 (for the sequence labeled R 2 ) and assigning the com- (Bessell 1991) , giant (long-dashed black line) and supergiant stars (short-dashed black line) (Cox 2000) . The 2MASS colors of the system 81.8997.87 are shown by the black cross and surrounding 1-σ error box, both have been corrected for extinction. The large filled square indicates the theoretical colors of a 2.035-day overtone Cepheid. The three sequences show possible combined colors of the two components assuming companion colors for giant stars from Bessell & Brett (1988) . The sequence labeled R 2 assumes the two stars have radii in the ratio given by Table 5 . The sequences labeled 1.5 R 2 and 2.0 R 2 show the effect of increasing the companion's radius by a factor of 1.5 and 2.0, respectively. The arrow is the reddening vector for A V = 1.38 mag as derived in the text.
panion colors for late-type giants from Bessell & Brett (1988) . The dotted line connects the different assumed spectral types while the solid lines reflect the range in possible colors arising from the uncertainty in the stellar radii. It is possible that the true radius of the compan-ion is severely underestimated in the current fit to the (primarily) optical lightcurve. Thus two additional sequences, calculated by assuming that the companion's radius is 1.5 and 2.0 times larger than the value in Table  5 , are also shown. The sequences for typical giant colors do not extend to cool enough temperatures to match the observed colors of this system. Only by assuming a much redder companion could we reproduce the observed colors of the system. This indicates that the system is unlikely to consist solely of an overtone Cepheid and another normal star.
It is possible that the 2MASS magnitudes are in error or that their uncertainties have been underestimated. All the statistics provided in the catalog indicate that these observations are reliable: high signal-to-noise ratio, good quality psf fit (χ 2 ν = 1.29, 0.92 and 0.97 for J, H and K respectively), source detected on all available frames. A more likely explanation would be the presence of a cool, contaminating object within the same resolving element as the target or the presence of hot circumstellar dust.
Figure 4 also shows that a system consisting of only these two stars is a poor fit to the expectations from standard, single-star evolutionary theory. It is possible that the system is not a binary but a hierarchical triple system (see discussion of V1334 Cyg by Evans (2000)). It is also possible that at some point in its history one of the components has undergone an episode of mass loss.
The possibility that this is a non-hierarchical triple system has been investigated by adding the presence of a third source of flux, not participating in the eclipses, to the model and testing whether this improves the fit to the observations. This would also rule out the possibility of an unrelated star along the line of sight. It was found that the quality of the fit improved slightly but, with a change in χ 2 ν of 0.015, not by a statistically significant margin. Thus, this result neither supports nor excludes the presence of additional sources of flux.
To attempt to further clarify the nature of this system we can estimate the properties of the variable star from the known properties of Cepheids and from its period and overtone classification. give the following canonical relation between period and radius for first overtone Cepheids: log R = 1.250(±0.005) + 0.755(±0.007) log P, (2) σ = 0.005 where R has units of solar radii and P has units of days. This gives a predicted radius for our Cepheid of 30.4 ± 0.4R ⊙ . The ratio of stellar radii given by our fit then implies a companion radius of 39 ± 4R ⊙ . This radius is consistent with that of a giant star but is poorly constrained likely because of the absence of information from the system's secondary eclipses. Our best fit value of r 1 = R 1 /a gives an orbital separation of a = 834 ± 28R ⊙ = 3.9 ± 0.1AU .
An estimate for the mass of the Cepheid can be obtained from the canonical Period-Mass-Radius relation for first overtone pulsators log M = −2.776(±0.004) − 1.661(±0.140) log P (3) +2.682(±0.185) log R, σ = 0.004 with M in units of solar masses, P in units of days and R in units of solar radii, taken from .
With our period and radius values, this yields a Cepheid mass of 4.9±0.2M ⊙ which, for an 800.4 day orbital period and a = 3.9 ± 0.1AU , puts the companion's mass at 7.3 ± 1.4M ⊙ .
The binary system described above would have maximum radial velocities of v r sin i = 31 ± 4 km s −1 for the primary and v r sin i = 21 ± 4 km s −1 for the secondary. Therefore observations of the radial velocity curves would certainly be worthwhile provided a precision of ±1 km s −1 could be obtained.
CONCLUSIONS
We have presented additional optical observations and the first near-infrared photometry of this system. Combined with previously published optical data they support several conclusions:
1. Based on the updated set of optical magnitudes, colors and relative radii we can classify the components. They are most consistent with an intermediate-mass overtone Cepheid with a late K or M-type giant companion.
2. This result is inconsistent with the expectations from evolutionary theory. The companion is too cool and dim for the system to match theoretical isochrones.
3. In the near-infrared, a companion with cooler colors than standard giant stars is needed to replicate the observed system color.
Clearly, more observations are needed to fully realize the considerable potential of this system. In particular one of the principal sources of the uncertainty in the companion's properties is the lack of observations of a secondary eclipse. To facilitate follow-up work Table 6 presents a table of predicted future dates of primary and secondary eclipses.
Given the low temperature of the companion, observations taken at near-infrared wavelengths should put a stronger constraint on the companion's properties. In particular, precise photometry taken during the primary and secondary eclipses would allow better estimates of the individual colors of each component so their location in Figure 5 would be better determined. Observations taken on an 8m class telescope would have sufficient resolution to identify possible sources of contamination within the crowded field.
The companion and Cepheid would appear to have similar fluxes between J (1.22 µm) and H (1.63 µm) and therefore (given the estimated radial velocities given above) radial velocity work should be attempted with a high-resolution near-infrared spectrograph on an 8m-class telescope. Near-infrared spectra could also provide a more definitive classification of the companion star.
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